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An increasing number of professional disciplines is 
interested in analysis of human motor behavior to assess 
its functioning or performance, e.g. rehabilitation 
medicine, orthopedics, physiotherapy, ergonomics, 
experimental psychology and sports. Besides 
observational analysis of human motion, state of the art 
methods provide accurate measurements of the kinematics 
of posture and movement, muscle activation patterns and 
external forces. These measurements enable the use of 
biomechanical models to provide a comprehensive 
assessment. Traditionally the most accurate methods apply 
some sort of video-based marker tracking methods. By 
tracking data with multiple fixed position cameras, 3D 
posture and motion data is gathered. Together with muscle 
activation data (gathered as electromyographic signals) 
and forces exchanged with the outside world (typically 
through the feet and measured with force plates in the 
floor) a complete assessment of performance or problems 
can be made. This comprises human motor control as well 
as the mechanical loading of the musculoskeletal system. 
However, fixed cameras and the fixed force plate limit 
possible motions and actions of the subject. Also the 
required stereophotogrammetric equipment requires high 
investments and a motion analysis session is typically a 
very time-consuming effort. So analysis of human 
movement (including gait analysis) is exclusively 
available to some (academic) laboratories. Currently 
technical and methodological alternatives are becoming 
available that form relatively cheap alternatives which are 
also very easy to apply in (clinical) practice. These 
methods promise to facilitate accurate motion analysis in 
any room or even in situations in which the subject is 
freely roaming about. This Special Interest Group 
introduces several new developments in miniature sensing 
and marker-less video motion analysis in a workshop in 
which all aspects of practical ambulatory or location-
independent motion analysis are discussed. 
 
Human motion analysis using inertial sensing 
C. Baten 
Recent developments have delivered new technology for 
ambulatory assessment of 3D kinematics of miniature 
motion sensors. These sensors combine signals from 3 
accelerometers, 3 rate gyroscopes, 3 magnetometers and a 
temperature sensor, all inside one module, through optimal 
Kalman filtering technology into accurate estimates of 3D 
orientation, angular velocity and several components of 
3D acceleration. Orientations are derived as the orientation 
of the sensor casing axes relative to a global inertial 
‘world’ coordinate system and velocities and accelerations 
are derived relative to the sensor casing axes. To perform 
human motion analysis with this type of sensor technology 
human body segment kinematics have to be derived from 
the sensor kinematics. For this the relationship between 
the casing axes frame and the axes frame of the body 
segment on which the sensor is mounted has to be known.  
Because mounting the sensor such that both body segment 
and sensor axes frame are in parallel is not a practically 
viable option, the sensors are mounted as stable as 
possible after which the relative 3D orientation of the 
sensor axes frame and the body axes frame are determined 
in a short calibration procedure. In this procedure sensor 
data is recorded during a few recordings in which a: the 
body segment is rotated purely around one of its defined 
segment frame axes or b: one of the body segment frame 
axes is kept parallel with one of its defined frame axes. 
This ‘helical axes’-calibration was tested and validated in 
normals for accuracy and robustness for 3 parts of the 
trunk, for shank and thigh and for upper and lower arm. 
The quality of this calibration determines the quality of the 
clinical motion assessment. It depends in part on the 
ability of the subject to consistently perform the required 
motions. Therefore research is started to develop derived 
methods for use with patients in several areas of motion 
analysis and test accuracy, robustness of variations of this 
methods and protocols. 
 
3D motion analysis applying inertial sensing 
D. Roetenberg 
Small inertial sensors like accelerometers and gyroscopes 
are more and more used in ambulatory motion analysis 
(Busseral. 1998; Baten et al. 2000; Veltink et al. 2003). 
Typically, angular orientation of a body segment is 
determined by integrating the output from the angular rate 
sensors strapped on the segment. Microelectromechanical 
(MEMS) gyroscopes are accurate for angular velocity 
measurements but can only be used for a short time to 
calculate angular orientation. A relatively small offset 
error due to temperature effects on the gyroscope signal 
and noise will introduce large integration errors. Linear 
accelerometers measure the vector sum of acceleration a 
of the sensor and the gravitational acceleration g. In most 
situations of human movement sensing, g is dominant, 
thus providing inclination information that can be used to 
correct the drifted orientation estimate from the 
gyroscopes. However, accelerometers cannot detect 
rotations around the vertical axis, therefore, additional 
magnetic sensing is required. The magnetometer is 
sensitive to the earth’s magnetic field. It gives information 
about the heading direction in order to correct drift of the 
gyroscope about the vertical axis. Several filters like 
(Foxlin 1996; Bachmann 2000) have been proposed to 
fuse gyroscopes, accelerometers and magnetometers for 
body segment orientation measurements. They work in 
real-time and seem accurate but they have an important 
limitation. Ferromagnetic materials, like iron, in the 
vicinity of the sensor will disturb the local magnetic field 
and will therefore distort the orientation measurement. 
This magnetic interference impedes many applications; 
especially the ones outside the lab like back load 
estimation for ergonomic purposes at assembly lines. In 
this study, a Kalman filter based on (Luinge et al. 1999) is 
designed to fuse 3D gyroscope, accelerometers and 
magnetometer signals to estimate orientation and to 





Ambulatory measurement of ground reaction 
forces 
P.H. Veltink, C. Liedtke, E. Droog and H. van der 
Kooij 
The measurement of ground reaction forces is important in 
the biomechanical analysis of gait and other motor 
activities. Many applications require full ambulatory 
measurement of these forces, but this is not supported by 
current measurement systems. We propose the use of two 
six degrees of freedom force and moment sensors under 
each shoe, which enables the ambulatory measurement of 
ground reaction forces and Centers of Pressure (CoP). The 
feasibility of this method is illustrated by experimental 
results in a healthy subject, using a force plate as a 
reference. The ground reaction forces and CoP recordings 
show good correspondence when they are evaluated for 
forces above 40 N and when it is simply assumed that the 
sensors are flat on the ground when they are loaded. The 
RMS difference of the magnitude of the ground reaction 
force over 12 gait trials was 15 ± 2 N, corresponding to 
1.9 ± 0.3 % of the maximum ground reaction force 
magnitude. The RMS difference of the horizontal 
component of the ground reaction force was 3 ± 2 N, 
corresponding to 0.4 ± 0.2 % of the maximum ground 
reaction force magnitude and to 2 ± 1 % of the maximum 
of the horizontal component of the ground reaction force. 
The RMS distance between both CoP recordings is 2.9 ± 
0.4 mm, corresponding to 1.1 ± 0.2 % of the length of the 
shoe, when the trajectories are optimally aligned. 
 
Clinical applications of gait analysis 
J. Harlaar 
In clinical practice of rehabilitation medicine, the 
treatment of mobility can be enhanced by the introduction 
of gait analysis as an assessment tool. In order to provide 
meaningful information to the physician, clinical gait 
analysis should disclose the functions of structures of the 
human movement system that are a potential therapy 
target. This will include joint kinematics, muscle-functions 
and joint loads. Measurement of all this these variables, 
would require a highly sophisticated lab, yielding maximal 
accuracy. Fortunately, in order to serve clinical decision  
making, accuracy can be limited to clinically relevant 
values, based on biological variability. 
A system for clinical movement analysis is presented, that 
aims at feasibility for its infrastructure in a standard 
clinical setup. This includes a biplanar video registration, 
surface EMG recording of muscle activity and ground 
reaction forces under the stance leg. Integration of all this 
signals, is realized by a multimedia software application . 
This application visualizes the measured signals in a way 
that is meaningful to the physician and can be interpreted 
very easily. Moreover, the application can be shared over 
the internet, in order to consult colleagues.  It has proven a 
significant contribution to current clinical practice. 
However, in order to assess movements in the transversal 
plane, biplanar video is not suited. For these kinematics 
and to perform more precise measures in other planes, a 
combination with inertial sensors is a relevant extion 
within the concept of clinical gait analysis. 
 
Automatic assessment of dyskinesia in 
Parkinson’s disease in daily life 
N. Keijsers, M.W.I.M. Horstink and C.C.A.M. 
Gielen 
During the first years of levodopa treatment, patients with 
Parkinson’s disease (PD) have a stable response to 
levodopa. However, after several years of levodopa 
treatment, an increasing number of patients show 
fluctuations in motor response (“on”-“off” fluctuations) 
and levodopa induced dyskinesias (abnormal involuntary 
movements). These complications constitute a major 
problem in the long-term management of PD and add 
substantially to the patient’s disability. New 
pharmacological and surgical treatments to reduce 
levodopa induced dyskinesias are becoming of more and 
more interest. Therefore, an automatic and portable device 
that can assess LID automatically and objectively in daily 
life is highly useful. 
Thirteen patients were continuously monitored in a home-
like situation for a period of approximately 2.5 hours. 
During this 2.5-hour period, the patients performed about 
35 functional daily-life activities. Behavior of the patients 
was measured using triaxial accelerometers, which were 
placed on 6 different positions of the body. A neural 
network was trained to assess the severity of LID using 
various variables of the accelerometer signals. Neural 
network scores were compared with the assessment by 
physicians, who evaluated the continuously videotaped 
behavior of the patients off-line. 
Neural network correctly classified dyskinesia or the 
absence of dyskinesia in 15-minute intervals in 93.7, 99.7 
and 97.0% for the arm, trunk and leg, respectively. In few 
cases of misclassification, the rating by the neural network 
was in the class next to that indicated by the physician 
using the AIMS-score (0-4). The percentage of time that a 
segment was moving was the most important parameter 
used by the neural network. For the leg mainly parameters 
of both legs were important. For the arm and especially for 
the trunk, parameters, related to movements of other body 
segments, were relevant. Dyskinesia appeared to be more 
dominant in the lower frequencies than in higher 
frequencies. 
The neural network could accurately assess the severity of 
LID and distinguish LID from voluntary movements in 
daily life situations. The results suggest that the method 
could be operating successfully in unsupervised 
ambulatory conditions. 
 
Automated dynamic activity monitoring 
R. Wassink and C. Baten 
In some applications of ambulatory assessment of 3D 
human motion typically detailed kinematic and kinetic 
biomechanical data is gathered or derived over longer 
periods (hours), e.g. in ergonomic applications. For 
sensible interpretation of this data continuous context 
information is required, e.g. ‘activity performed’. 
Currently this data typically is gathered by labor intensive 
manual observation, while all other data gathering is fully 
automated. 
To get rid of the labor intensive manual observations a 
new method is proposed for automated activity monitor 
for human activities using the data already automatically 
gathered in the kinematic assessment. 
Also in clinical motion analysis applications of 




need has risen for automated context classification. 
Typically data is gathered of many motion cycles (e.g. 
steps in Gait in analysis) and to facilitate wide spread use 
by health care professionals automated cycle based 
interpretation assistance is required. For e.g. gait analysis 
this means estimation of kinematic and kinetic step cycle 
parameters and typical derived statistics. A requirement 
for this is automated step cycle detection and step cycle 
classification.  
Both application areas of ambulatory motion analysis 
require automated activity recognition and classification 
including estimation of start and end times. 
The proposed method applies self learning Hidden 
Markov Modeling (HMM) technique to the kinematic 
data. In a training phase for each activity a HMM is 
derived from training data. In the application phase for 
each the HMM the probability is estimated that the current 
activity is the one represented by this HMM. In a post 
processing phase these probabilities are used to decide on 
which activity is currently recognized. In a more 
sophisticated estimator also (estimated) a priori 
probabilities of occurrence are taken into account in the 
post-processing. 
Pilot experiments have indicated that HMM methodology 
seems very capable of delivering the requires recognition 
and classification functionalities. Current research aims at 
examining accuracy, robustness and generalizability of the 
methodology. In this SIG contribution possibilities and 
experiences with applying HMM are discussed as well as 
its potential for a general Activity Monitor for use in 
functional evaluation in rehabilitation and ergonomy. 
 
Identification of determinants of performance in 
sports: a case study in rowing 
M. Hofmijster 
Feedback on biomechanical and physiological parameters 
is of paramount importance to athletes. Apart from helping 
athletes to improve performance, feedback also enhances 
motivation, irrespective of the skill level. Traditionally, 
feedback is provided by a trainer or coach, relying on 
visual observation. In recent years, electronics and sensor 
technology have developed to the extent that it is now 
feasible to develop portable measurement and feedback 
devices that can provide athlete (and coach) with objective 
information on biophysical parameters (motion, forces, 
heart rate).  
However, electronic feedback is useless when it does not 
contain meaningful information for the athlete in question. 
In this perspective experienced coaches provide a valuable 
source of information. To capture their implicit knowledge 
in explicit biophysical terms is not straightforward. A well 
defined theoretical framework is necessary. Rowing was 
chosen as a case study since performance is easy to 
quantify (namely average velocity over the race distance) 
and technique plays an important role. The approach 
described may also be applicable in other types of 
(endurance) sports however. 
The analysis of rowing is based on the mechanical power 
equation (e.g. van Ingen Schenau and Cavanagh, 1990). 
Averaged over a rowing cycle, the rower delivers a certain 
amount of mechanical power. Part of this power is lost at 
the oar blades during the push-off, because water is set in 
motion. The remainder of the power is dissipated by the 
drag force on the hull. Conceptually, the power loss due to 
hull drag can be separated into an effective part that is 
related to average boat velocity, and an ineffective part 
that is related to substantial intracycle fluctuations in boat 
velocity. From the perspective of the power equation, the 
rower with the better technique has less power loss at the 
blades and/or less power loss due to intracycle boat 
velocity fluctuations, resulting in a higher average 
velocity. 
Feedback on these power losses or feedback on forces or 
motions that lead to these losses may help the rower in 
achieving better performance. Ongoing cooperation 
between industry, science and sports is necessary to ensure 
new technologies will be used in the most advantageous 
way. 
  
